ion beam irradiation on Arabidopsis thaliana has demonstrated the induction of various types of mutant alleles (Shikazono et al. 1998) ; the resulting novel mutants include ultraviolet-B resistant mutant (Tanaka et al. 2002) , anthocyanin spotted testa mutant (Tanaka et al. 1997) , and serrated petal mutant (Hase et al. 2000) . In Nicotiana tabacum, mutants tolerant to herbicide, salt, and cobalt (Abe et al. 2000) and Potato Virus Y (Hamada et al. 1999 ) have been produced. Other examples from ornamental plants include a sterile mutant of Verbena hybrida (Suzuki et al. 2002) , a variegated mutant of Petunia hybrida (Miyazaki et al. 2002) , and flower colour mutant of dahlia, rose, hybrids of Torenia, chrysanthemum, and carnation (Hamatani et al. 2001; Hara et al. 2003; Yamaguchi et al. 2003; Miyazaki et al. 2006; Nagatomi et al. 1997; Okamura et al. 2003) . Some of these mutants have been commercialized.
To our knowledge, there are no reports on the development of new cyclamen varieties using heavy-ion beam irradiation. The present study was undertaken to establish an efficient heavy-ion beam irradiation protocol for producing new varieties of cyclamen. We examined the effect of the beam on cyclamen callus, somatic embryo, plantlet, and tuber.
C. persicum cv. 'Fragrance Mini' (FM) and 'Wink' (WK) cultivated in a green house under natural daylight conditions were used. FM is capable of very high ) at the RIKEN Nishina Center, RI-Beam Factory at doses of 10, 20, 40, 60, or 80 Gy. After irradiation, calli were transferred to fresh medium and cultured under the aforementioned conditions for three months. The fresh weight of the somatic embryo produced on the callus was then determined. Figure 1A depicts the results of the experiment. Higher irradiation produced progressively more severe suppression of somatic embryogenesis. Only 0.2 g of somatic embryo was produced at the highest dose of 80 Gy, while non-irradiated controls produced 1.1 g of somatic embryo.
Biological effects of heavy-ion beam irradiation on cyclamen
The effect of 12 C 6ϩ ion beam irradiation on the survival rate of somatic embryo was examined as follows. Somatic embryos were produced by culturing sterile scape segments of FM as described above. Somatic embryos (nϭ210) were irradiated using the aforementioned doses. The irradiated and non-irradiated (control) somatic embryos were transferred onto fresh medium and cultured as described in the first experiment for two months. The survival rate of somatic embryo was then examined. Survivors were considered to be embryos on which secondary embryos were formed. The survival rate decreased with increasing dose ( Figure 1B ). Only 11% of the embryos irradiated at 60 and 80 Gy survived, while 41% of the control somatic embryos survived.
The effect of 12 C 6ϩ ion beam irradiation on the plantlet survival rate was examined as follows. A plantlet was prepared by germinating FM somatic embryo; embryos were placed on MS medium (pH 5.8) containing 0.1 mg l Ϫ1 6-benzylaminopurine (BAP), 0.01 mg l Ϫ1 anaphthylacetic acid (NAA), 0.2 mg l Ϫ1 gibberellic acid A 3 , 3% (w/v) sucrose, and 0.5% gellan gum. Plantlets developed during a one-month period at 20°C under fluorescent illumination (3000 lux) with a 16 h photoperiod. Seventy plantlets were irradiated as described above. After irradiation, plantlets were individually transferred to fresh medium and maintained as described above for three months. The survival rate after that time is summarized in Figure 1C . All plantlets irradiated at doses of 60 Gy and higher died while 67% of the control plantlets survived, indicating that plantlets are more susceptible to heavy-ion beam irradiation than somatic embryos.
The effect of 12 C 6ϩ ion beam irradiation on adventitious bud production from a callus was examined as follows. Calli were obtained from WK leaves. The leaves were excised from the potted plant and surface sterilized. After rinsing with sterilized water, the leaves were cut into squares of approximately 10 mm. These were placed on one-third-strength MS medium (pH 5.8) containing one-third strength MS salts, 1 mg l Ϫ1 BAP, 0.1 mg l Ϫ1 NAA, 3% (w/v) sucrose, and 0.35% gellan gum, and were cultured at 20°C in the dark for two months. They were then transferred to the medium modified with respect to the concentrations of BAP (0.2 mg l
Ϫ1
) and NAA (0.02 mg l
) and cultured for four months. Callus production occurred during that time. Calli (16 g) were irradiated as described above and were then transferred to fresh medium and cultured under the aforementioned conditions. Adventitious bud production was then enumerated. As shown in Figure 1D , bud production decreased in a dose-dependent manner, with no bud production observed in calli irradiated at a dose of 40 Gy or higher.
Based on the data from these experiments, we attempted to obtain a cyclamen mutant by heavy-ion beam irradiation of calli, somatic embryos, and plantlets. These efforts were unsuccessful. Next, we decided to irradiate tubers of FM cultivars. The tubers were irradiated at doses of 4, 8, 12, and 16 Gy to examine the dose effect on cultured tuber viability. To prepare tubers, plantlets were germinated from somatic embryos as detailed earlier in the text and were placed on hormonefree, one-third strength MS medium (pH 5.8) containing 3% (w/v) sucrose and 0.35% gellan gum, and placed at 20°C under fluorescent light (3000 lux) with a 16 h photoperiod for three months. The developed plants, whose tuber diameters ranged from 8-15 mm, were selected, and their leaves and roots were removed. The tubers were irradiated (30 specimens per dose), transferred onto fresh medium, and cultured at 20°C under fluorescent light (3000 lux) with a 16 h photoperiod for three months for plant elongation and rooting. Plants were transferred to flowerpots and were grown in a greenhouse under natural daylight conditions. Ten months later, the survival of the plants relative to the total number of irradiated tubers and the mutations in flower morphology were examined.
The effects of the irradiation on the plants are shown in Table 1 . The survival rate ranged from 50-90%. The growth of irradiated specimens at 12 and 16 Gy was slightly arrested just after the irradiation, but recovered later. Male sterile mutants whose anthers were atrophic or deficient were obtained at an irradiation dose of 8-16 Gy ( Figures 2B, 2C) . Two petal colour mutants were obtained at 12 Gy. The petals of one mutant were reddish purple, instead of the original bluish purple, and those of the other mutant displayed a striped pattern of white over the underlying original colour ( Figure 3B ). Two petal forming mutants were also obtained at 12 Gy ( Figure  3C ). All the mutated plants formed both mutated and normal flowers, indicative of the chimeric nature of the mutations.
The present results indicate that mutation induction by heavy-ion beam irradiation to the tuber is useful for changing flower characteristics in a shorter time than is possible through conventional breeding. Further experiments are needed to evaluate the stability of the mutations. We are now regenerating plants from the petals and scapes of the flower mutant by the tissue culture method.
In this study, male sterile mutants incapable of pollen production were obtained. Recently, pollen-mediated gene flow from transgenic plants to wild relatives has become an important concern. Plants that lack pollen cannot disseminate their gene into natural environments via pollination. We produced some transgenic plants of cyclamen and the development of a male sterile mutant from these transgenic cyclamen by this method is in progress. 
